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Laser joining of dissimilar materials has been the subject of intensive studies in the past decade or thereabout. This is mainly due to the
several beneﬁts it offers when used to manufacture various electromechanical components for automotive, aerospace, electronics, and bio-
medical applications. There are many possible variations of joining dissimilar materials; this article, however, considers the main engineering
materials in use today, namely, metal, polymer, ceramic, glass, and silicon. The strength of the joints determined by, inter alia, the material
combinations, joining technique, and material treatment is crucial for the above mentioned applications if safety and reliability requirements
are to be adhered to. Undoubtedly, the challenges posed by such complex selection of materials and process factors are unquantiﬁable and
as such have been given a critical review in this article. The relationship between some important laser processing parameters and joint
strength are also discussed. Furthermore, it has been observed that the joint strength can also be inﬂuenced by factors such as bubbles mor-
phology, material preparation/treatment, depth of molten pool and formation of chemical bonds, and intermetallic phases and their effects
are also reviewed and discussed. This article is concluded with an outlook providing the summary and key ﬁndings of the authors.
Keywords Dissimilar; Joining; Joint; Laser; Material; Strength; Welding.
INTRODUCTION
Joints between dissimilar metals have received great
acceptance in power generation, petrochemical, nuclear,
and electronics industries [1]. Combining metals and
alloys of dissimilar properties have successfully removed
certain constraints and rigidity in design while paving
the way for technical and economic competitiveness over
singularly-fabricated components [2, 3]. Similarly, it
has been established that enormous beneﬁts can be derived
by combining materials of dissimilar classes such as
metal=ceramic [4–7], metal=glass [8], metal=polymer
[9–18], glass=silicon [19–22], glass=polymer [23], polymer=
ceramic [24], among others.
Micro-electro-mechanical systems (MEMs) are gener-
ally fabricated on a silicon substrate due to the high
adhesive property of the latter to a variety of materials
[20]. Due to this outstanding mechanical strength,
silicon-based microsystems are used for sensing and
actuating purposes [19]. However, silicon has inferior
resistivity to moisture [25] and is therefore generally
replaced with polymer to overcome this problem. Mean-
while, thermoplastic polymers such as polyimide (PI)
[9, 10, 14, 15, 17, 26], polyetheretherketone (PEEK)
[27], polyethylene terephthalate (PET), [28–32], and par-
ylene [25] show good resistance against some chemicals
and thermal degradation. In particular, parylene has
inert characteristics, which makes it a more suitable
and useful material [25]. Thermoset polymers cannot
be welded without additional intermediate layer; this is
because their molecules cannot be reheated or re-formed
[33]. Joints between dissimilar materials classes in
MEMs and Bio-MEMs applications must fulﬁll tough
requirements in terms of strength [23], thermal stress,
fatigue, hermeticity [34], and long term stability [27,
35]. As a result, polymeric materials are usually
combined with metals to fulﬁll the aforementioned test
requirements. Commonly used metals for this appli-
cation include titanium [9–18], kovar (nickel-cobalt
ferrous alloy) [4, 36], platinum, gold, and stainless steel
[28, 29]. Titanium and nitinol are some of the biocompa-
tible metals being used for medical implants. Nitinol-–
also known as a ‘‘shape memory alloy’’ (SMA) because
of its ability to ‘‘remember’’ and regain its original shape
after undergoing deformation—is a suitable choice for
applications in aerospace and medical sectors [27].
High demand for lightweight components to reduce
cost, weight, and increase productivity has led to numer-
ous designs of hybrid components and structures [37–
40]. For example, carbon ﬁber composites have been
widely used in aircraft and automotive constructions
as they offer weight reduction while retaining good
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mechanical strength to weight ratio; this implies a
reduction in fuel consumption. In comparison to metal,
plastics are free from corrosion and are resistant to fati-
gue. However, monolithic composite materials do not
conduct electricity. In airframe construction, materials
with electrical conductivity property, such as metal
matrix composites [41, 39], are considered crucial to
ground electrical circuits as they dissipate lightning
strikes and reduce electromagnetic compatibility
(EMC) problems. Generally, metal and plastic comp-
lement each other to offer various positive features parti-
cularly in automotive and aerospace industries.
In addition, the high temperature stability, high
strength, corrosion resistance, and wear resistance of
ceramic [6] has made it a favored choice for some biome-
dical applications. For example, Al2O3, the most widely
used bio-ceramic, is used in artiﬁcial joints and dental
and middle ear implants [6]. Similarly, tetragonal
zirconia polycrystal (TZP) ceramic is used for artiﬁcial
ﬁngers and dental implants [7]. Although glass is brittle
in nature, it is however chemically durable and electri-
cally insulating [19]. Biocompatible glass and silicon
have been widely employed in implantable microsystems
[25]. Typically, this type of glass is free of heavy metal,
but it is ‘‘equipped’’ with compatible pH value, and it
is electrolytically and hydrolytically stable [7].
There are several conventional techniques available to
join dissimilar material classes offering one beneﬁt or the
other. For example, brazing is one of the established
techniques for joining ceramic to metal, often employed
to reduce the brittleness of the former. Nevertheless, the
use of laser for similar purpose offers some additional
advantages over conventional joining methods (as
shown in Table 1). Although there are certain draw-
backs using conventional joining techniques, a success-
ful and optimum use of laser would require special
considerations. This review describes the underlying
principles of laser lap joining of dissimilar material
classes in terms of material properties, experimental con-
ﬁgurations, sample=surface preparations, and joint char-
acteristics.
PRINCIPLE OF LASER LAP JOINING OF DISSIMILAR
MATERIAL CLASSES
In general, laser lap joining is achieved by illuminating
two pieces of clamped materials with a concentrated laser
beam (Fig. 1). This process requires that one material is
absorbent while the other functions as a transparent
material. Laser beam is ﬁrst transmitted through the
transparent material; this induces heat at the material’s
interface which is sufﬁciently high to promote melting
in that region. A joint is ﬁnally created when the materi-
als are fused upon resolidiﬁcation. In some instances, the
generated heat is just enough to melt the material with a
lower melting temperature [23, 30, 31]. Provided that the
induced heat is sufﬁcient to cause one of the materials to
melt, the joining process will take place upon solidiﬁ-
cation. For this arrangement, a metal or plastic can be
used as the base plate. Wild et al. [19] observed that
employing polytetraﬂuoroethylene (PTFE) material as
TABLE 1.—Qualitative advantages of laser lap joining of dissimilar materials classes over conventional techniques.
Joint conﬁguration Application
Example of conventional
technique Common drawback of conventional technique in comparison with laser joining
Glass-silicon Microsystems and
microsensors
Anodic bonding High temperature process, long process time [19], and high electric ﬁeld
1,000–2,000V [49]
Metal-glass Hermetic encapsulation in
electronics and electrical
components
Glass frit Frit curing in a furnace detrimental to heat-sensitive components and
miniature components [36]
Metal-polymer i) Lightweight automotive and
aerospace structures, and
ii) Microsystems and
microsensors
i) Injection molding, and
ii) Adhesive
i) Mould to be made with tight tolerances but only applicable to a
speciﬁc purpose, and complexity in part handling [40]
ii) Inferior long-term stability, adhesive shrinkage, and biocompatibility
issues [23]
Metal-ceramic i) Automotive and aerospace
parts, and
ii) Electrical and electronics
packaging
i) Fusion welding, and
ii) Ultrasonic welding
i) Large heat affected zone [47] and poor optical quality especially for
automotive parts
ii) Ultrasonic vibration can damage electrical components [33]
Ceramic-polymer Lightweight automotive and
aerospace structures
Mechanical fastening Design inﬂexibility and low production rate [37]
FIGURE 1.—A typical laser transmission lap joining arrangement of two
materials using a laser beam. The laser beam is scanned across the material
to create interfacial joint between two dissimilar materials (color ﬁgure
available online).
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a base plate instead of aluminium would cause a 30%
reduction in the minimum laser power required for initial
bond-breaking. This is due to the efﬁcient thermal insu-
lating property of PTFE having a thermal conductivity
three order of magnitude less than that of aluminum
[19]. Laser transmission joining can also be performed
even when both materials are not transparent, for
example, joining of metal with ceramic [4].
THE EFFECT OF MATERIALS PROPERTIES ON LASER JOINING
The effectiveness of laser welding depends greatly on
the physical, thermal, optical, and chemical properties
of the materials to be welded, and this is discussed in this
section.
Effect of Thermal Expansion
Laser joining of two dissimilar materials especially
when there exists a large difference in thermal expansion
is challenging, as it results in high residual thermome-
chanical stresses in both materials when cooled [42]. At
high cooling rates, thin materials of less than 0.5mm
are susceptible to cracking [39], while non-uniform heat-
ing of ceramic resulted in fracture [4]. It should be noted
that, in some instances, high cooling rates are deemed
beneﬁcial to avoid excessive polymer degradation [39].
Mian et al. [23] have shown that, unlike with a lower
power density diode laser, high power density ﬁber laser
can prevent cracking during laser welding of dissimilar
materials. Gower et al. [39] also observed that at high
cooling rates of metal=polymer joint, cracking can be
prevented by using pulse shaping.
A sudden change in thermal expansion initiating
cracking in ceramic and glass joint was also reported
[7]. Due to this reason, glass is usually coated with
titanium using an established coating process before
being joined with polymer [9, 15, 7, 26, 23], since an
intense laser heat source could initiate cracking in glass.
Interestingly, without the metal coating process, Ozeki
et al. [8] reported a successful direct joining of copper
(Cu) with the non-alkali glass using both femtosecond
and nanosecond lasers, though there exists large thermal
expansion difference of about 77%. Glass and silicon
joints can be generally found in MEMs devices because
they do not differ much in thermal expansion coefﬁcients
[20, 43, 44]. For instance, Pyrex glass and a polished sin-
gle crystal silicon [19] differ by about 5%. Recent results
and trends in ultrashort laser welding and joining
glass-glass and glass-silicon are available in [45].
On the other hand, laser joining of borosilicate glass
and fused silica, with large difference in their thermal
expansion coefﬁcients, required a considerably huge
applied clamping pressure of 40MPa to ensure that
the gap is less than k=4 [46]. This extremely small gap
is essential to avoid ablation from occurring at these
two surfaces. This was found to be the main cause of
a reported, unsuccessful joining process [42] at the
expense of unwanted stress concentrations [47]. None-
theless, the value was 40 times greater than that
employed in a successful joining of PET=Ti joint [18].
The clamping pressure required for joining ﬂuorinated
ethylene propylene (TeﬂonFEP) with Ti was even less
at 0.414MPa [9, 12].
Laser Absorptivity as a Function of Surface Roughness
Removing the oxide layer from a material surface is
important to ensure a reliable joint strength [28], though
this is not always the case. For example, comparison of
joint performance between PET=PO-Cu (PO stands for
pre-oxidized layer) and PET=Cu (without pre-oxidized
layer) using a Nd:YAG laser revealed that the former
shows 40% greater tensile shear load strength [31]. Since
polished Cu has a relatively high thermal conductivity
and reﬂectivity (Table 2), the oxide layer deposit is reck-
oned to increase the surface roughness which indirectly
increases a material’s absorptivity. This subsequently
facilitates heat transfer across the interface. Secondly,
higher bond strength can be attributed to an increase
in joint area [30, 31] as a result of the high heat
requirement for the initial melting of the oxide layer.
These two factors enhanced the joint strength of the
PET=PO-Cu joint.
In the case of PET=Cu joint, the bond strength was
solely fostered by the bubbles formation at the interface
[48] while Cu remained solid irrespective of the heat
input [30, 31]. This concurred well with the numerical
analysis which showed a rapid distribution of heat
throughout the Cu material [30]. Signiﬁcantly, the
reﬂectivity of most metals reduces and their absorbent
tendency becomes higher at wavelengths below 900 nm
[49]. This suggests that Nd:YAG laser (k¼ 1,064 nm) is
unsuitable for joining Cu material. However, to circum-
vent this, O2 gas can be used as an assist gas to increase
the absorptivity of Cu under CO2 and Nd:YAG laser
welding [31]. Meanwhile, the bond strength of silicon=
glass joint strictly depends on silicon absorption coef-
ﬁcient and its thermal conductivity to laser parameters.
Wild et al. [19] observed that non-optimum laser proces-
sing parameters resulted in an unwanted crack, and
unstable bonding and surface melting of the silicon.
The high absorption coefﬁcient and low thermal
conductivity of a silicon material also results in minimal
heat affected zone (HAZ), allowing low temperature
around the entire silicon wafer. This positive feature
proved to be useful in packaging or fabricating tempera-
ture-sensitive items [34].
Effect of Glass Transition Temperature
The use of laser in joining metal and polymer has the
advantage of controlling polymer degradation which
TABLE 2.—Normal, spectral absorptivity of Cu at important wavelengths [79].
Wavelength
material 300–600 nm 1.06mm 10.6 mm
Copper (polished) 0.05 0.04 0.01–0.03
Copper (rough) 0.05 0.1–0.3 0.05–0.10
Copper (oxidized) 0.85 0.5 –
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cannot be obtained by using micro-soldering or brazing.
For instance, PET is likely to degrade in soldering
technique because it has lower glass transition tem-
perature (Tg) than that of soldering temperature [31].
Miyashita et al. [50] studied the weldability of PET
(Tg,PET¼ 80C) and PC (Tg,PC¼ 140C) with stainless
steel (SUS304), the maximum shear tensile strengths of
SUS304=PET. and SUS304=PC joints were measured
as 6.5MPa and 2.1MPa, respectively. This difference
in strength can be attributed to the difference in glass
transition temperature of the polymers [50], where
PET melts faster in comparison to PC at the same
energy density. As a result, SUS304=PET joint has
larger bonding area with sufﬁcient optimum bubbles
formation, thus promoting higher bond strength [50].
Effect of Young’s Modulus
In laser transmission joining, laser is usually focused
at the interface. Hence, an ‘‘intimate’’ contact (ﬁrm
clamping of two surfaces with minimum gap in between
them) is necessary to avoid unwanted stray laser beam
and reﬂection off the interface as this would increase
the HAZ. This is also required to ensure efﬁcient
thermal conduction across the materials. Although
‘‘intimate’’ contact is desirable for successful joining,
the difference in Young’s modulus between dissimilar
materials may promote stress concentrations at the
interfacial region [47]. In particular, ceramic-to-metal
joint has non-uniform, complex stresses distribution
along the interface as well as within the ceramic [47].
To overcome these stresses, a ﬁller metal is normally
introduced and placed between the samples [5, 7].
PROCESSING PARAMETERS
Laser-Matter Interaction and the Resulting
Joint Strength
The characteristic of laser beam used to process the
materials is crucial to the strength of the joints. Laser
material interactions are well documented in the litera-
ture [51–56]. For this application, the key features of
interest are the energy density, laser type=wavelength,
and operation mode. Selection of suitable laser power
and welding speed are fundamental in ensuring optimum
joint strength. These two parameters are however insep-
arable; in other words, they depend on each other. Mian
et al. [23] investigated the strength performances of glass
and PI that were joined using two different types of
lasers. The optimum laser parameters used in the experi-
ments can be found in Table 3. The power and beam
spot diameter of diode laser used for the study were
greater than that of Yb-doped laser, but the latter
produced power density that was more than six times
the former. This over 16% increase in power density
resulted in strengthening the joining bond between the
materials. In other words, a high power density ﬁber
laser produced better joints than diode laser with a lower
power density.
Often, large width bond is desirable for strong bond
strength [30]. In contrast, small laser spot diameter is
preferred to ensure that the heat distribution around the
sensitive area is well controlled, especially in heat sensitive
packaging. It was shown [57] that for joining glass to sili-
con, an Nd:YAG laser produced a narrower bond joint,
which was said to be eight times less than that of the diode
laser, due to its improved focusability in comparison to
the latter. However, no comparative veriﬁcation of the
shear strength was carried out for these two competing
laser machines. In addition to the use of pulsed lasers
for glass-silicon bonding [43, 58], successful joining was
reported using continuous wave (CW) lasers [44, 20]
provided that the laser wavelength can be efﬁciently
transmitted through the transparent glass. This, however,
precludes the use of a CO2 laser (k¼ 10.6mm) for a glass
since the latter exhibits high absorptivity coefﬁcient at
this wavelength. Similarly, titanium and kovar absorb
very well at this wavelength range [4].
A pulsed laser is favored over a CW laser due to
short thermal cycle [8, 39]. It has been shown [39] that
pulse shaping can limit the weld crack length of
an aluminium-polypropylene laminate joint; this is
achieved by using a top-hat beam proﬁle to ensure
homogenous beam distribution across the interface as
the laser process progresses. This type of beam proﬁle
minimized vaporization of the polypropylene material
[39] through controlled thermal decomposition of the
polymer. This result only relates the weld penetration
between the two substrates to reduced bond strength.
Unfortunately, some porosity and undercut were
observed when the joint was performed at high laser
power [39]. Similarly, the polymer decomposition
became more rapid due to oxidation [39]; this can be
mitigated by using an inert argon gas [7, 39] or nitrogen
gas to cool down the plastic surface [28].
Besides, ultrashort lasers have been shown to be
desirable for joining materials with large difference in
thermal expansions [42, 8, 59] and highly reﬂective
materials [31, 8]. Ozeki et al. [8] reported that when
a femtosecond laser was used to irradiate the interface,
a ﬁlament-type beam was formed across the two materi-
als with spot diameters varying within few microns along
the optical axis [42, 59]. In joining dissimilar glasses, the
ellipsoidal ﬁlament was measured to be 30mm long [42]
which simultaneously melted down both materials due
to non-linear ﬁeld ionization [60, 61]. The heat generated
within the focal volume also facilitated the formation of
electron-ion plasma which induced localized melting
and quenching of both materials [60, 61]. Although
there exist various established techniques to join metal
with glass, Ozeki’s work seems to be the only publicly
TABLE 3.—Bond strength of the glass=Pi samples processed with diode and
ﬁber lasers [23].
Laser used
Wavelength
(nm)
Power
(W)
Spot
diameter
(mm)
Power
density
(W=mm2)
Average bond
strength (N=mm)
Diode laser 800 3 0.8 5.97 6.19
Fiber laser 1,100 1 0.2 31.83 7.34
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available literature within the scope of laser lap joining
of metal and glass as far as the authors are aware. As
a comparison, the maximum Cu-glass joint strengths
welded using nanosecond (ns) and femtosecond (fs)
lasers and their respective laser parameters are compiled
in Table 4. While the pulse energy of ns-laser was two
orders of magnitude greater than that of fs-laser, the
copper substrate did not melt in the former case because
there was no ﬁlamentation formed within [8]. This can
be attributed to poor thermal conduction across the
interface as a result of low energy density (Fig. 2). In
addition, the HAZ produced by fs-laser was found to
be smaller than that of ns-laser [8].
It should be noted that the use of statistical analysis
and mathematical modeling are useful in dealing with
numerous process parameters (laser power, scanning
speed, pulse repetition rate, stand-off distance, seam
width, and joint quality) [29, 49]. An example of a widely
used optimization technique is a response surface meth-
odology (RSM) which establishes relationships between
the input and output variables [29].
The position of the focal point on the workpiece has
signiﬁcant inﬂuence on joint strength. It is usually varied
as a means to decrease the power density at a constant
power input. Power density, Pd is governed by
Pd ¼ 4P
pd2s
; ð1Þ
where P is the beam power and ds is the beam diameter.
Wang et al. [18] varied the position of focus from 800mm
to 900mm spot diameter to prevent excessive overheating
and avoid unnecessary burning of polymer.
The Role of Welding Speed and Power/Energy
Formation of sufﬁciently strong joint strength
requires the selection of optimum power=energy density
and scanning speed parameters. It is observed [14] that a
strong bond could be obtained when the joint was made
at low speed and medium power. The joint strength was
inﬂuenced by adequate melting and wetting of polymer
to the surface of metal [38]. In particular, PI has high
surface tension in comparison to other plastics which
promote strong intermolecular forces to the metal [62].
However, excessive heat generation at low scanning
speed might initiate undesirable overheating and burn-
ing of plastic material [38, 18], polymer degradation,
and high pore formation [38]. Meanwhile, at high speed
and high power, the unexpected weak bond strength [14,
18] can be attributed to an inefﬁcient laser-matter inter-
action. In this case, the laser had less contact time to
induce sufﬁcient thermal conduction and melting at
the interfacial region. For instance, the effect of power
on porosity is more pronounced than the effect of join-
ing speed on bonding strength for joining polyethylene
terephthalate glycol (PETG) ﬁlm with stainless steel
(SUS304) sheet [38].
Typically, strong bond joint is achieved at moderate
power and moderate welding speed [18, 38]. Figure 3
illustrates the effect of laser power on bond strength
at various welding speed. For example, as high as
90MPa joint strength of PET=Ti joint can be achieved
TABLE 4.—An example of a successful experiment in laser lap joining of metal to glass.
Combination of metal and glass
Thickness
(mm) Optimum laser parameters
Speciﬁc
processing step Bond strength Comment Ref.
i) Copper, aCu¼ 17.0 106=C
ii) Non-alkali glass,
aGl¼ 3.9 106=C
i) 1.0
ii) 0.7
fs-laser:k¼ 800nm; pd¼ 130 fs;
f¼ 1 kHz; E¼ 0.4m J=pulse
ns-laser:k¼ 527 nm; pd¼ 600 ns;
f¼ 1 kHz; E¼ 50 m J=pulse
40MPa clamping
pressure
fs-laser > 16MPa;
ns-laser > 13MPa
Joint was free from
crack and void.
[8]
E¼ energy, f¼ frequency, a¼ thermal expansion coefﬁcient, P¼power, Pp¼ peak power, PR¼ ramp up power, Pd¼power density, ds¼ spot diameter, t¼duration,
pd¼ pulse length.
FIGURE 2.—Effect of irradiated pulse energy on joint strength for Cu=glass
materials using: (a) femtosecond pulses and (b) nanosecond pulses [8].
FIGURE 3.—Bond strength measurement of Ti=PET joints due to changing
in laser power and scanning speed [18] (color ﬁgure available online).
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at moderate welding speed and power of 80mm=min
and 4.5W, respectively [18]. However, Tan and Tay
[49] observed that for joining silicon to quartz, high laser
power and low scanning speed were needed. This is
because the authors used an intermediate layer which
requires an additional power density for that layer to
melt at the initial stage.
Variants of Laser Lap Joining of Dissimilar Materials
A novel technique known as LIFTEC (Laser-Induced
Fusion Technology) was developed to create much
stronger joint between metal and polymer, or ceramic
and polymer components [40] particularly useful for
automotive parts assembly. Based on laser transmission
welding, a laser is transmitted through a block of
transparent base plastic to heat up a fastener made of
metal or ceramic. As a result of localized heat at the
interface, the base is melted down. At this juncture,
the fastener is mechanically pushed inside the plasticized
base and ﬁnally forms a permanent joint upon cooling.
In separate validation studies, the mechanical strength
of a grooved metal bolt joined to the plastic base was
found to be about 7% greater than the conventional
screw joint [40], as shown in Fig. 4. Readers are referred
to the review in [63], which comprehensively described
joining methods of polymers and polymer-metal hybrid
structures, but the review did not cover laser joining of
plastic with metal.
Glass is typically bonded to silicon using a state-of-
the-art anodic bonding technique. In comparison to
laser illumination, anodic bonding involves both ther-
mal (400C) and electrical (up to 2 kV) processes [49].
In this state, sodium, lithium, or aluminium ions from
the glass are diffused into the silicon since glass has
longer melting duration compared to silicon [58], which
subsequently forms a solid chemical bond [64]. The
applied electric ﬁeld also causes oxygen gas to be
released from the glass [64]. Meanwhile, laser trans-
mission joining of glass to silicon can be accomplished
in various processing conditions as noted in Table 5.
In joining glass to silicon, formation of a molten pool
[43, 58] is not necessarily the main requirement since
the bond strength is inﬂuenced by ions diffusion from
glass to silicon. Hence, it is possible to join them below
their glass transition temperatures as demonstrated in
[19, 20], which reduces heat input and HAZ. None-
theless, Mescheder et al. [44] demonstrated that at low
energy density, a combination of fusion bonding and
eutectic bonding had produced considerably high bond
strength comparable to bond strength of an anodic
bonding. Some advantages of laser illumination over
anodic bonding as noted in [19] are the following ones:
1. Selective laser bonding means small HAZ;
2. Small bonding geometry; and
3. Release of gases is eliminated since there is no supply
of an electric ﬁeld.
SAMPLE PREPARATION
Cleaning
Sample preparation is important since the sample
surface can inﬂuence energy absorption of the incident
laser beam [65] and bond integrity. Glass and polymer
samples are normally cleaned from dirt and conta-
minants using alcohol solutions, e.g., methanol [29, 31,
51, 58, 66] in an ultrasonic bath [31, 29] and sub-
sequently rinsed with deionized water [58]. In addition
to ultrasonic cleaning, silicon material is wet-cleaned
using hydrogen-peroxide-based solution [49]. On the
other hand, metals and their alloys are generally cleaned
using an acetone solution [18] in an ultrasonic bath [38].
For instance, a metallographic sand paper was used to
grind the metal surface [18, 31] that was contaminated
with the preexisting oxide layer [31]. Flowing nitrogen
gas was subsequently used to dry the samples because
of its inert and volatile properties [49, 19, 58].
Interestingly, Wang et al. [18] reported an unusual
cleaning of PET sample using an acetone solution in
an ultrasonic bath and then dried using a hot gas. Poly-
mer decomposition or swelling might have occurred as a
result of chemical interaction with the acetone. This kind
of surface degradation or unintentional surface restruc-
turing could be the factor that fostered strong bond
strength of PET=Ti joint of 90MPa. In addition, the
authors [18] used a drying oven for a period of 12 hours
to remove moisture and dust on titanium surface [18].
On the contrary, Lubna et al. [67] proposed a new
method of cleaning the sample utilizing sequential
combinations of Alconox solution (degreasing soap
solution), distilled water, acetone, and methanol. The
joints strength was measured as 29MPa and 13MPa
for the new and regular methods respectively. X-ray
photoelectron spectroscopy (XPS) results indicated that
an ordinary cleaning of the sample surface had poor
adhesion between surfaces due to considerable amount
of adhered carbon contaminants [67].
In joining Mg to PET, Wahba et al. [28] reported that
removal of an oxide layer on thixomolded Mg alloy
surface by grinding, resulted in reduction of laser power
by 300W from the actual power of 1,000W. The higher
input energy was probably required to ﬁrst heat up the
oxide layer before the laser could penetrate to the base
material. The oxide ﬁlm could have originated from
FIGURE 4.—Mechanical strength of different geometries of metal=plastic
joints [40].
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the thixomolding process since Mg has high afﬁnity for
oxygen. At optimum laser processing, the joint strength
for grinded and received specimens were 1,500N and
900N, respectively [28]. The oxide layer generally
becomes porous and loose at high temperatures [68],
and this may account for porosity and gas entrapment
during laser welding. These inherent defects further
degrade the mechanical strength.
Table 6 provides optimum surface preparation
methods of various materials prior to joining.
Metal Surface Restructuring
To address the materials’ incompatibility in joining
plastic and metal, Roesner et al. [62] initiated pretreating
of a metal surface via laser structuring. A 40W
ms-pulsed Nd:YAG laser was used to form a groove
pattern on a 2mm thick stainless steel surface as sche-
matically shown in Fig. 5. The process was repeated
three times to achieve an undercut structure (40mm
width, 50mm depth). As a result of sufﬁcient clamping
pressure between plastic and metal, the molten plastic
in the interface was forced to ﬂow inside the grooves
and subsequently solidiﬁed to form micromechanical
interlocks. The strength of the resultant interlocks
depends on the number of grooves and their widths
and spacing between them. In this regard, a term
referred to as structure density (SD) was proposed to
quantify the interlocks. SD is deﬁned as the width of
the structure divided by the distance between each
structure. It was found that SD> 0.7 is a suitable value
for producing high mechanical shear strength [62].
Wahba et al. [28] showed that an increase of 15% in
joint strength was achieved when Mg alloy surface was
melted prior to laser welding, producing pores near the
surface and adding to the pre-existing pores in typical
Mg alloy surface. Non-uniform microstructures will be
created when the porosity on the surface is subjected
to grounding. The increase of joint strength was the
result of a mechanical anchor effect due to solidiﬁcation
of plastic ﬂuid inside the pores.
In addition, Kawahito et al. [69] demonstrated the use
of 807 nm diode laser in pre-processing step to minimize
the thickness variation between a metallic glass sheet
Zr55Al10Ni5Cu30 and a PET ﬁlm. The laser power den-
sity was adjusted to 5W=mm2 which is barely enough
to melt the metallic glass, resulting in virtual removal
of air gaps and creation of a temporary joint [69].
Anodization
Yusof et al. [32] studied the effect of anodizing 1mm
aluminium alloy (A5052) surface prior to joining with
0.5mm PET ﬁlm. For this study [34], an A5052 speci-
men was ﬁrst subjected to typical ultrasonic surface
cleaning using an acetone solution and followed by
immersing it into an electrolytic bath containing sul-
phuric acid for 30 minutes at 23C and 12V. After rins-
ing with distilled water, the specimen was dipped into a
chemical solution to seal the pores, resulting in the for-
mation of 10mm thick anodizing layer [32]. The joint
was formed using pulsed Nd:YAG laser regulated at
55.8 J and 20ms. The shear strength of the anodized
PET=A5052 joint was found to increase by 36% when
compared to a similar joint that has not undergone
any treatment.
Meanwhile, surface treatment by anodizing prior to
welding was observed to improve the strength of
PET=A5052 joint by 50% at minimum pulse duration,
compared to ‘‘as-received’’ joint [32]. As a result of ano-
dizing, the reﬂectivity coefﬁcient was found to have
decreased due to alteration of metal crystallography.
This allows much input heat energy to be absorbed at
the interface, producing broader joint area and greater
bond strength. In a separate study, PET=SUS304 joint
produced relatively higher shear strength compared to
PET=A5052 joint by an approximately 1.4 times at
optimum laser processing parameters [30].
Surface Activated Pre-Bonding
An appropriate clamping pressure=force is generally
required for sound and reliable joining [9]. When two
materials are ﬁrmly clamped, the focusing of laser at
the interface can be easily and accurately achieved. Since
glass is naturally brittle, the applied pressure may
cause bending or unwanted crack, which might further
TABLE 6.—Optimum sample preparation method for various materials.
Material Optimum sample preparation method
Metal Metals and their alloys are cleaned using an acetone solution in an ultrasonic bath.
Glass Glass is cleaned using alcohol solutions such as methanol in an ultrasonic bath and subsequently rinsed with deionized water.
Polymer Polymer is cleaned using alcohol solutions such as methanol in an ultrasonic bath and subsequently rinsed with deionized water.
Silicon Silicon is cleaned using acetone solutions (10min), rinsed with deionized water (5min), cleaned again in isopropyl alcohol (10min) and ﬁnally
rinsed with deionized water (5min). All procedures are done in an ultrasonic bath at 35C [49].
Ceramic Ceramic is cleaned using isopropanol or acetone solutions such as methanol in an ultrasonic bath and subsequently rinsed with deionized water.
FIGURE 5.—Cross-sectional view of a microstructured stainless steel after
metal surface restructuring using a laser source. When ﬁrmly clamped,
melted plastic is forced to ﬂow into the microstructures [62].
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complicate the joining process. Therefore, Shi et al. [21]
suggested a surface activated pre-bonding technique in
joining 525mm Pyrex glass wafer to 380mm polished sin-
gle crystal silicon. Both the glass and silicon were sub-
jected to normal cleaning procedure, and the surfaces
were further chemically activated as described in [70].
This resulted in intimate bonding between the two sur-
faces as they both became hydrophilic. Hence, the tech-
nique eliminates the need for clamping force while
preventing any residual stress due to bending and crack-
ing. After laser bonding, the shear strength of the joint
was measured within the range of 6.3–6.8MPa.
Effect of an Intermediate Layer on Joint Strength
To obtain a strong joint in lap joining arrangement,
another crucial factor is the ﬂatness or=and smoothness
of materials’ surfaces. Often this is difﬁcult to realize;
however, sufﬁcient clamping pressure has been applied
to reduce surface roughness of differing materials.
Therefore, the surface characteristic of materials is
usually quantiﬁed and represented by surface roughness.
The surface roughness or simply roughness is a measure
of a local microscopic characteristic of a surface usually
denoted by a capital letter R following a letter subscript
to indicate the type of roughness. The root mean square
average, Rq [71] obtained using the equation below is
one of the commonly used type of roughness in conjunc-
tion with Ra, the arithmetic average roughness, where n
is the sample number, and yi represents the distance
from the center line:
Rq ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃXn
i¼1
y2i
n
s
: ð2Þ
Therefore, in order to circumvent the above men-
tioned problem, i.e., roughness, an intermediate layer
is usually introduced. In addition, the large difference
in thermal expansion between materials can be over-
come by using a layer with an intermediate thermal
expansion coefﬁcient. Application of Al or Au as an
intermediate layer to bond silicon and Pyrex 7740
(boron silicate glass) was shown to offer joint strength
that is comparable to anodic bonding [44]. The average
measured strengths for both (Al and Au) were greater
than 40MPa. This strength is attributed to the forma-
tion of eutectic bonding, and they are further strength-
ened by successful laser joining process. It should also
be mentioned that Au intermediate layer produced an
average bond strength about 1.6 times higher than that
of Al layer because of lower eutectic temperature of
Au=Si and high diffusivity of Au in Si [44]. Sufﬁcient
joint strength was also achieved using a polymer as an
intermediate layer to laser-bond glass and silicon [20].
Other materials used as an intermediate layer for joining
dissimilar materials classes include: indium [43], silver
[7], carbon black [72], and thermosetting polymer benzo-
cyclobutene (BCB) [22] for the glass=silicon bonding and
a mixture of Sn and Au for the silicon=quartz bonding
[49]. In particular, carbon black is deposited to
absorbing materials to increase the absorptivity and
hence the penetration depth [72]. In comparison to other
intermediary layers, Au produced the most excellent
bond strength in the region of 20–90MPa [44]. This said,
glass and silicon can, however, be directly joined without
an intermediary layer, as demonstrated in [57, 73].
Similarly, there are reports on studies being carried
out on joining titanium-coated glass with polymer since
the former possesses good biocompatibility property [23,
7, 15, 26, 10, 35, 74]. Initial studies of laser bonding of
titanium-coated glass with polymeric ﬁlm showed that
titanium coating ﬁlm, with less than 50 nm thickness,
would produce poor bond strength while reliable bond
strength was achieved when the thickness is in the range
of 50–200 nm [75]. Results of the study on the effect of
coating thickness on shear strength indicate that,
as coating thickness increases to 400 nm, the surface
roughness also increases [74]. This feature is positive
and favorable as it enhances mechanical interlocking
between PI and Ti-coated glass. In fact, the existence
of Ti-C-, Ti-O-, TiO2-type chemical bonds is believed
to offer strong bond strength in the range of
50–400 nm thickness [74]. These bonds (carbon and
oxygen bonds with titanium) are obtained from the
carbonyl group (>C¼O); the latter originate from
PI molecular chains [9].
One outstanding intermediate layer that can be used
to join two dissimilar materials is glass frit. Glass frit
is typically used for hermetic sealing in miniature devices
before heated in a furnace. Wu et al. [36] demonstrated
that when glass frit paste is combined with localized
laser source, the need for furnace is removed; this allows
materials with much varied chemical and physical
properties to be easily joined. A successful joint was
demonstrated using this method to join kovar to leadless
co-ﬁred ceramic (LCC), aluminium nitride (AlN), low
temperature co-ﬁred ceramic (LTCC), and silicon [36].
Since curing of glass frit paste requires bonding tempera-
tures in the region of a few hundred degrees Celsius [76],
this would reduce the demand for laser energy=power
and hence the cost. However, the method requires
minimum pressure to ensure sound mating between
two surfaces [36].
JOINT CHARACTERISTICS
Laser Assisted Metal and Plastic (LAMP) and
Bubble Formation
Katayama and Kawahito [48] were ﬁrst to realize that
a stable metallic or covalent bonds can be formed
between metal and plastic. The authors introduced
a technique that is simply based on laser transmission
joining and known as Laser Assisted Metal and Plastic
(LAMP). In this technique, the laser beam is initially
transmitted through the plastic which causes a sufﬁ-
ciently high temperature rise in the interfacial region of
the metal and plastic. The plastic is partly melted or
decomposed at the interfacial region due to thermal
conduction of the heated metal, which has been facili-
tated by the applied clamping force. At this state of high
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temperature, bubbles are formed from the melted plastic
which then undergo expansion according to input heat
energy. Finally, physical or chemical bonding between
them is achieved [48].
A direct laser bonding of 2mm thick PET with 3mm
thick SUS304 was found to produce a shear load of
3.0 kN. Such high bond strength in LAMP joining was
the result of the physical and chemical interactions
characterized by the formation of gas bubbles, having
suitable sizes and quantity, within the melted region of
the plastic near the joint [28, 48]. Similarly, LAMP
technique [48] was shown to be employed for bonding
Si3N4 ceramic to PET without any intermediary pre-
processing step [24]. In addition to bubbles formation,
transmission electron microscope (TEM) observation
revealed that the joint was ﬁrmly bonded on atomic or
molecular level through an anchor effect. This is as
a result of the liquid plastic ﬂowing into the nanoscale
ceramic hollows and subsequently solidiﬁed [24]. Hence,
this mechanical interaction (anchor effect) may account
for the slight increase in tensile shear strength of
ceramic=PET joint [24] as shown in Table 7.
Recently, Wahba et al. [28] utilized the LAMP tech-
nique to compare two lap joint conﬁgurations, namely,
PET resides at the top of AZ91D thixomolded Mg alloy
and vice versa. Surprisingly, the joint strength produced
using the second conﬁguration is two-third higher than
that of the conventional conﬁguration. The recorded
higher strength joint in the second setup is most likely
due to discrete bubble formation near the interface
as illustrated in Fig. 6. This is because discrete bubbles
allow greater joint area to be achieved between
dissimilar materials and hence higher bond strength.
Meanwhile, lower bond strength is due to fractures
initiated across the bubble structure and the ‘‘networked
morphology’’ could only allow smaller joint area. At low
scanning speed, the bubble size gets larger and the quan-
tity increases because of the relatively high input heat.
Unfortunately, this causes interface fracture that occurs
across the bubble structure [28]. Tillman et al. [38]
observed that a high quantity of bubbles leads to weak
joint strength and vice versa; this is in agreement with
the ﬁndings in [38, 50].
Joint Strength as a Function of Molten Pool Depth
While investigating the effects of molten depth on
joint strengths of PET=A5052 and PET=SUS304 using
a Nd:YAG laser spot welding, Yusof et al. [30] observed
the joint strength to be proportional to the molten pool
depth [30]; in other words, increase (or decrease) in joint
strength results in a corresponding increase (or decrease)
in molten pool depth. The molten pool depth of
PET=SUS304 was shallower (20 mm depth) with a larger
area (570mm width), when compared to PET=A5052
that had the feature of a keyhole welding. The keyhole
depth was measured to be 14 (250 mm) of the A5052
thickness. Interestingly, the tensile shear load of the
PET=SUS304 joint was found to be approximately two
times greater than that of PET=A5052 [30], probably
due to the bubbles formation around the interfacial
region [48]. This points to the fact that the combined
characteristics of bubble formation and greater joint
area outweigh the beneﬁts offered by the keyhole
feature. In addition, the input heat requirement of
SUS304 was about two times lower than that of the
A5052 [30] due to the differences in their material reﬂec-
tivity and conductivity coefﬁcients. It should be noted,
however, that the bond strength of glass-silicon does
not depend on the formation of a molten pool because,
the laser joining process occurs below their melting
temperature [19]. Instead, the strength is attributed to solid
chemical bond due to ion diffusion from glass to silicon.
Formation of Chemical Bonds
Formation of chemical bonds within the joint micro-
structure also contributes to the overall joint strengths.
Pi=Ti and Pi=TiG (TiG stands for titanium-coated glass)
joints have been extensively studied by research groups
in Wayne State University and Fraunhofer USA [10,
15, 23, 35, 67]. For instance, Newaz et al. [15] observed
that the bond strength of Pi=TiG is approximately 1.5
times higher than that of Pi=Ti. The failure in Pi=Ti joint
was noted to occur within the polyimide, while for
Pi=TiG, in the glass substrate [15]. This implies that, in
both cases, polyimide was strongly bonded to the
titanium surface as a result of the formation of strong
Ti-O and Ti-C chemical bonds [15, 18]. The induced
bond strength seems to be comparable to bond strength
of glass-Ti joint that was produced by metal-coating
process. It should be stated that the measurement of
bond strength in Pi=TiG was affected by ﬂexural failure
introduced by the test machine and the subsequent stress
propagation to the vicinity of the joint [14, 15].
TABLE 7.—Bond strength of the samples processed with LAMP technique.
Joint conﬁguration Power (W)
Scanning
speed (mm=s)
Bond
strength (kN) Ref.
PET=SUS304 500 6 3.0 [48]
PET=Si3N4 170 4 3.1 [24]
FIGURE 6.—Illustrations of (a) networked bubbles and (b) individual bub-
bles morphology. The latter exhibits higher bond strength since it has
lower bubble quantity, hence allowing greater joint area. Meanwhile,
lower bond strength of the former is due to fracture introduced across
the networked bubbles and lesser joint area between the two materials.
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On the contrary, when these joints were dowsed in an
artiﬁcial cerebrospinal ﬂuid (CSF) for 28 days, Pi=Ti
joint appeared to be 1.2 times stronger than that of
Pi=TiG and the measured strength reductions are 25%
and 57%, respectively (Fig. 7). According to [77], polyi-
mide has high water uptake (1% on average) and high
water transmission rate (1.350 gmm=m2 day). This sug-
gests that water absorption through the polyimide could
promote oxidation at the interfacial region [15]. Since
Ti-O bonds are not generally stable, they are oxidized
to form a stable TiO2, which accounts for slight stronger
bond in Pi=Ti joint.
In comparison, TeﬂonFEP has an average water
uptake of <0.01% and water transmission rate of
0.178 gmm=m2day [77]. Joining of titanium with Teﬂon-
FEP resulted in the formation of Ti-F and Ti-O bonds
[11, 12]. Figure 8 illustrates the titanium side of a bulk
TeﬂonFEP-Ti sample upon removing the polymer side.
It shows that Ti-F bond was conﬁned within the inter-
facial region, and the existence of TeﬂonFEP residue
indicates the establishment of strong bond between these
two materials [11]. Consequently, the joint cohesively
failed in the plastic base material. However, further
studies are required to establish the bond strength of dif-
ferent polymer to metal joints when immersed in a ﬂuid.
Kawahito et al. [69] reported strong joint strength
between glassy metal (Zr55Al10Ni5Cu30) and PET. There
are essentially two features that promoted such strong
joint. First, the strength can be attributed to the forma-
tion of bonds on the pre-existing zirconium oxide ﬁlm,
which is accompanied by growth of the oxide ﬁlm [69].
Second, the X-ray diffraction (XRD) results indicate
that the metal base in and near the joint was in the state
of amorphousness [69]. This means that the joint retains
its amorphous properties (disordered lattice structure)
even after being heated. Hence, the joint cannot be easily
deformed under tensile test. Some of the main character-
istics of metal-polymer joint strength are summarized in
Table 8.
Formation of Intermetallic Phases
Direct laser joining of metal-ceramic is often con-
sidered difﬁcult partly due to chemical incompatibility.
In brazing technique, ﬁller materials have been adopted
to bridge the mismatch in the properties of materials.
However, the formation of intermetallic phases in the
joint was found to be the main cause of embrittlement,
as it alters the original lattice structure [78]. When
subjected to mechanical deformation, two different
phases within the joint region react differently thus
affecting the overall joint strength. Nonetheless, numer-
ous successful ceramic-metal joints have been reported
employing brazing technique as cited by Akselsen [47]
and Nascimento et al. [78].
Bauer et al. [7] studied the use of a pulsed laser to join
Ti with Ytrria-stabilized TZP, using an Ag foil as a ﬁller
metal. At the interfaces of titanium=silver and silver=
TZP, energy dispersive spectroscopy (EDS) analysis
did not, however, reveal any formation of intermetallic
phases such as TiAg phases or supersaturated b-Ti-
mixed-crystals [7], which is typical of metal-ceramic
brazing [78]. This could be attributed to the advantage
FIGURE 7.—A graph showing the relationship between the bond strengths
of titanium=polyimide and glass=polyimide microjoints and CSF exposure
time [15].
FIGURE 8.—Cross-section view of the titanium side of a bulk
Ti=TeﬂonFEP sample after removing the polymer side [11].
TABLE 8.—Examples of combinations of metal to polymer joining.
Combination of metal and polymer Main joint strength characteristic
Titanium and polymers [9, 15,
10, 35, 27, 11, 12, 18]
Ti-O and Ti-C chemical bonds were
formed for all types of polymers,
except for joining of Ti with
TeﬂonFEP [11, 12] and KaptonFN
[12], which resulted in the formation of
Ti-O and Ti-F bonds.
Stainless steel (SUS304) and
polymers [30, 37, 38, 48, 62]
Formation of bubbles of optimum size
and quantity were responsible for
strong bond in all joints. Additional
bond strength is attributed to molten
pool depth in [30].
Copper and polymers [30, 31] Oxidation of copper surface increased
surface roughness and heat
absorptivity. This produced strong
bond strength.
Al alloy and polymers [30, 32] Anodization on the surface of Al alloy
[32] and formation of molten pool with
sufﬁcient depth [30] were the sources of
bond strength.
Mg alloy and polymer [28] Formation of individual bubbles at
the interfacial region produced
higher bond strength than that of
chains of interconnected bubbles
morphology [28].
LASER LAP JOINING 867
D
ow
nl
oa
de
d 
by
 [1
20
.14
0.2
30
.25
5]
 at
 06
:23
 07
 Ju
ne
 20
15
 
of short laser processing time which limits the formation
of such phases [7] and the absence of mechanical interac-
tion which could speed up the intermixing in the molten
pool. Table 9 is a list, though not exhaustive, of success-
ful experiments in laser lap joining of metal to ceramic.
SUMMARY AND CONCLUSION
Joining of two dissimilar materials using a laser source
is still not widely employed and remains limited to certain
types of material conﬁgurations that had been tested until
today. The optimum experimental parameters acquired
for some material conﬁgurations are not directly appli-
cable to other joint conﬁgurations. For example, process
parameters used in joining glass to ceramic cannot be
employed (or precisely adapted for use) in joining glass
to metal. Hence, predictability issue is one of the main
concerns in this work.
To date, joint strength ismainlymeasured based on ten-
sile strength. The highest tensile value would determine
the optimum process parameters. However, there is lack
of comprehensive relationship between joint strength
and process parameters with other tests, such as fatigue,
formability, static and dynamic loading, and corrosion.
In addition, there is limited work that has been done to
determine the optimum bond area required for successful
joining experiments. This is particularly useful in manu-
facturing of miniature devices. Defect assessment proce-
dures pertaining to laser lap spot joining is also needed;
this is especially important in electronic and electrical
components fabrication.
Application of laser lap joining of metal and ceramic
in ambient conditions remains a challenge due to the
demand of an inert environment posed by titanium-
based ﬁller alloys [6]. In addition, there exist inadequate
literature reports on the effects of intermediate layers in
laser joining of metal with glass [7, 8], which is highly
required since glass is susceptible to crack as a result
of thermal loading [7]. However, no work, as far as
the authors are aware, has ever been reported on laser
joining between ceramic and glass.
Undoubtedly, bubbles formationwas found to enhance
joint strength. However, a quantitative analysis of the
bubble’s dimension and shape for optimum joint strength
remains a subject of further investigation.
Furthermore, it is noted that the achievable joint
strength depends on the physical and chemical proper-
ties of the materials, laser parameters, sample prep-
aration, and joint characteristics. This dependency can
be summarized as follows:
1. Laser lap joining does not necessarily require the
upper material to be transparent for the laser radi-
ation to be effectively transmitted to the interface.
When the typical lap joint conﬁguration is reversed,
the thermal conduction of an opaque material
plays an important role in causing melting to occur
at the interface. Sufﬁcient clamping pressure between
materials is essential to avoid ablation and
non-uniform heat distribution.
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2. Two materials having approximately similar thermal
expansion coefﬁcients can be easily joined. Alterna-
tively, employment of intermediate layers was found
useful to compensate for physical and chemical mis-
match between dissimilar materials.
3. Sample preparation and cleaning are advantageous
to positively alter the physical properties of the
materials.
4. Appropriate selection of laser power=energy and scan-
ning speed is important. For example, joining of
titanium with polyimide performs better at low speed
and medium power. On the contrary, strong bond of
titanium and PET joint was achieved at medium speed
and power. These were inﬂuenced by surface wetting
of metal surface and polymer degradation.
5. Reliable bond strength is attributed to the formation
of chemical bonds, optimum bubble morphology,
formation of intermetallic phases, and molten pool.
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